The purpose of this study was to non-destructively and quickly predict the capsaicinoid content of domestic red pepper powders from various areas of Korea using a pungency measurement system in combination with visible and near-infrared (VNIR) spectroscopic techniques. Methods: The reflectance spectra of 149 red pepper powder samples from 14 areas of Korea were obtained in the wavelength range of 450-950 nm and partial least squares regression (PLSR) models for the prediction of capsaicinoid content were developed using area models. Results: The determination coefficient of validation (RV2), standard error of prediction (SEP), and residual prediction deviation (RPD) for the capsaicinoid content prediction model for the Namyoungyang area were 0.985, ±2.17 mg/100g, and 7.94, respectively. Conclusions: These results show the possibility of VNIR spectroscopy combined with PLSR models in the non-destructive and facile prediction of capsaicinoid content of red pepper powders from Korea.
Introduction
Red peppers (Capsicum annuum L.) originate from the basin of the Amazon River in South America and constitute a representative pungent spice. They were introduced to Korea approximately 400 years ago, and serve as an important vegetable crop as they are the second most produced crop after rice. More than 150 varieties of red peppers are grown in Korea, and more than 20 new varieties are registered every year. The varieties of red peppers vary according to the production area depending on yield or climatic conditions. Diverse varieties of red peppers exhibit variations in their pungency, sweetness, and color depending on the amount of sunshine and precipitation, soil characteristics, fertilization levels, and cultivation method (Shin & Lee, 1991; Choi et al., 2000; Kim et al., 2006) . Hwang et al. (2011) collected Cheongyang red peppers, a representative pungent variety, from 13 areas of Korea and analyzed their protein, fat, acid, sugar, and capsaicinoid contents, as well as their color. Among these characteristics, the capsaicinoid content, which is related to pungency, showed large variations according to cultivation area, to the extent that the maximum value (314.21 mg/100 g) was more than twice the minimum value (151.80 mg/100 g).
The methods used to measure the pungency of red pepper powders can be largely divided into sensory tests, chemical assays, and non-destructive measuring methods. A representative sensory test is the Scoville organoleptic test, which was developed in 1912 by American chemist Wilbur Scoville; this test quantifies the capsaicinoid content in red peppers in Scoville Heat Units (SHU) (Scoville, 1912) . In this method, red pepper extracts are diluted with sugar water and the dilution level at which five trained panels cannot feel the pungency of the peppers becomes the SHU value. However, the resultant values vary according to panels' subjectivity and objective results cannot be expected (Chai et al., 1994) . As alternatives to the Scoville test, chemical assays based on analytical instruments such as high performance liquid chromatography (HPLC) and gas chromatography (GC) are used as quantitative and accurate methods (Lee et al., 1989; Cooper et al., 1991; Claver et al., 2006; Barbero et al., 2008; Choi, 2008; Nam et al., 2013) . Although chemical assays have excellent accuracy, their drawbacks include complicated pre-treatments, high equipment prices and analysis costs, as well as the necessity of experts to operate the analysis equipment. In addition, since a significant amount of time is required for the pretreatment of samples, chemical assays cannot be applied on-line in conjunction with red pepper powder processing techniques.
To overcome these disadvantages, diverse methods have been attempted for the non-destructive, real-time measurement of the capsaicinoid content of red pepper powders. Notably near-infrared (NIR) spectroscopy has been applied most frequently and shows significant potential. In this technique, samples are subjected to light corresponding to the NIR wavelength band and the absorbed intensity is measured in order to judge the internal or external quality of food or agricultural products. This technology was first used by Norris (1964) in agricultural applications to measure the water content of grain. It is also used to non-destructively measure the sugar content and acidity of apples, citrus fruits, and peaches. Some of these technologies have been commercialized and supplied for use in agricultural fields. Iwamoto et al. (1984) , Cho et al. (1990) , and Lee et al. (1995) tried to non-destructively predict capsaicin contents using an NIR spectrometer with a wavelength band of 1,100-2,500 nm. Thereafter, Park et al. (2008) obtained the absorbance spectra of 50 red pepper powder samples using an NIR spectrometer with a wavelength band of 900-1,700 nm and calculated the correlation between the absorbance spectra and capsaicinoid content obtained through HPLC analysis. Sim (2009) presented a red pepper powder pungency-prediction method using NIR spectra, without the requirement of separate chemical pretreatment processes. Recently, Mo et al. (2011) constructed an NIR spectroscopy system with a wavelength band of 1,100-2,300 nm to measure red pepper powder pungency in real time and developed a partial least squares regression (PLSR) model that could predict capsaicinoid content based on particle size. Using the same system, Mo et al. (2012) divided red pepper powder products produced in Korea by particle size and developed capsaicinoid content prediction models based on the particle size. In addition, they presented the possibility of rating of red pepper powders based on pungency levels. Therefore, in the present study, a visible and near-infrared (VNIR) spectrometer with an effective wavelength band of 450-950 nm was used for the real-time, non-destructive measurement of red pepper powder pungency. Diverse spectrum pretreatments were applied to the reflectance spectra obtained from red pepper powder products produced in 14 areas in an effort to develop an optimum pungency PLSR model, according to area, for the real-time prediction of capsaicinoid content using HPLC.
Materials and Methods

Red pepper powder samples
Red pepper powder samples were produced in Korea's local agricultural cooperative federation (LACF) and red pepper processing centers (RPPC) established centering on the chief red pepper producing areas. Red pepper powder samples from 63 products were used. Among the products, 43 were produced in 2009 and were purchased from 14 areas, while the remaining 20 were produced in 2010 and were purchased from 11 areas. Figure 1 shows the geographical locations of the LACFs and RPTCs of the red pepper powder samples. The 14 areas included Umsung LACF, Goesan PTCT, Anmyeondo LACF, Cheongyang LACF, Shintaein LACF, Gochang-Buan LACF, Youngkwang LACF, Youngwol LACF, Bongyang LACF, Namjecheon LACF, Youngyang RPTC, Youngyang LACF, Youngyang LACF, Namyoungyang RPTC, and Namandong LACF. Geographically, these areas are mainly located in Chungcheongbuk-do and Gyeongsangbuk-do; two are located in Chungcheongnam-do and Jeollabuk-do and one is located in Jeollanam-do and Gangwon-do.
Sample preparation
Among red pepper powder products sold in Korea, those composed of the finest powder particles are typically sold for gochujang (Korean fermented red pepper paste), while those that are composed of medium sized powder particles are sold for seasonings, and those composed of the largest powder particles are sold for kimchi. To prepare samples with similar particle distributions, the particles were separated by size using standard sieves (Chunggye Industrial MFG, Gunpo, Korea) and vibrating separating systems (Chunggye Industrial MFG, CG-213, Gunpo, Korea), as shown in Figure 2 . Of the 63 products, the 43 products produced in 2009 were divided by particle size, including those for red pepper paste (Case I, particles smaller than 0.425 mm), seasoning (Case II, particle sizes in the 0.425-0.710 mm range), and kimchi (Case III, particle sizes in the 0.710-1.400 mm range), resulting in a total of 129 samples. The 20 red pepper powder samples produced in 2010 were used for measurements, and were not divided according to particle size. Therefore, a total of 149 red pepper powder samples (including products from 2009 and 2010) were prepared.
Real time red pepper powder pungency measurement system and acquisition of reflectance spectra
The red pepper powder pungency measurement system used to measure the pungency of red pepper powder samples non-destructively and in real time was developed by Mo et al. (2013) . As shown in Figure 3 , the system is equipped with a VNIR spectrometer and consists of a red pepper powder sample input unit, conveyor to transfer inputted samples, sample surface leveler that creates uniform surfaces of the inputted samples, 100 W tungstenhalogen lamp (Korea Spectral Products, ASBN-W-100F-L, Seoul, Korea) with a wavelength range of 300-2,600 nm used as the light source, CCD spectrometer (Korea Spectral Products, SM440), bifurcated fiber optic probe (Korea Spectral Products, RP060-SMFR-U20-NS-BX) that irradiates light and receives reflected light and delivers it to the spectrometer, sample output unit, control panel that can individually control each device, and a monitor that displays the red pepper powder capsaicinoid content in real time.
As shown in Figure 4 , in the measuring process the red pepper powder is transferred using the conveyor and the surface of the red pepper powder is formed evenly by the surface leveler. Light from the lamp is irradiated on the red pepper powder and the spectra reflected by the sample are continuously scanned and applied to the pungency prediction model formula, which was developed in advance. The capsaicinoid content of the red pepper powders are predicted through mathematical modeling and the resultant values are displayed on the monitor. When the measurement is complete, the red pepper powder is delivered to the outside through the sample output unit.
The reflectance spectra of the red pepper powder samples were obtained by averaging 60 reflectance spectra, using an integration time of 50 ms.
From the reflectance spectra (145-1176 nm) obtained from the 149 red pepper powder samples, an effective wavelength band ranging from 450-950 nm was selected. The obtained reflectance spectra were converted into absorbance spectra (log    ) and were used to develop prediction models for the capsaicinoid content of the red pepper powders. As shown in Figure 5 , a total of 4,153 absorbance spectra in the wavelength range of 450-950 nm were measured for the 149 samples. The number of pixels in the effective wavelength band of 450-950 nm was 1,730 in total, and the final number of pixels extracted after setting the number of steps to 5 was 346. The red pepper powder samples used in the measurements were kept in closed freezers. Thereafter, the temperatures of the samples were maintained at room temperature (approximately 25°C) before the reflectance spectra were measured. The moisture content ranged from 9-11% wb on average. Before obtaining the reflectance spectra, the samples were sufficiently shaken to ensure that they were evenly mixed.
Analysis of capsaicinoid content
The standard American Spice Trade Association (ASTA, 1997) analysis method for the measurement of capsaicinoid content of red pepper powder samples was used. Figure 6 shows the sample preparation process for HPLC analysis, preparation of the standard solution, and sample preprocessing procedure and time spent during stage. As explained previously, although the HPLC assay had excellent accuracy, the overall sample pretreatment process was complicated and a significant amount of time was required. First, the container containing the red pepper powder was shaken for approximately 1 min, before a 1 g aliquot was removed and weight using an electronic scale (OHAUS Corp., AR2130, New Jersey, USA). Specimens were taken 3 times from the 149 samples and the average values of three repeated measurements of 447 specimens were used as the measured capsaicinoid contents. The 1 g red pepper powder samples were put into pressurized sealed containers as shown in Figure 7 (a) and the containers were sealed after adding 25 mL of ethanol to each container. To shorten the extraction time and extract capsaicin and dihydrocapsaicin, the red pepper powder samples were heated for 2 h and 30 min at 60°C using hot blocks, as shown in Figure 6 (b).
The filtered red pepper powder extract was placed in 2 mL vials for quantification via HPLC (Younglin, YL9000, Anyang, Korea) and 20 μL aliquots were injected using automatic extractors (Younglin, MIDAS). Capsaicin (Sigma, M-2028, St. Louis, MO, USA) and dihydrocapsaicin (Sigma, M-1022, St. Louis, MO, USA) were used as standard materials to prepare the calibration curves. The reverse phase columns (Imtakt, Unison UK-C18, Kyoto, Japan) were 75 mm long and had 4.6 mm diameters and 3 μm pores. As shown in Table 1 , the flow velocity of the mobile phase was 1.0 mL/min and the capsaicinoid content was detected using a UV detector (Younglin, Acme 9000) set at 280 nm.
Development of models for prediction of capsaicinoid content by area
The obtained reflectance spectra included unsuitable spectra due to the uneven surfaces of the powder samples, noise from the equipment itself, or the surrounding environment . Various spectra pretreatments were applied to remove the noise including three types of normalization (maximum, mean, and range), 1 st & 2 nd Savitzky-Golay derivatives, standard normal variate (SNV), mean scattering correction (MSC), smoothing, and baseline corrections.
The prediction performances of the PLSR models developed with diverse pretreatments were evaluated using cross validation; specifically, statistical factors for comparison of the performances of the developed calibration and validation PLSR models were applied. The performances of the calibrated PLSR models were evaluated using the coefficient of determination in the calibration (R C 2 ) and (1) standard error of calibration (SEC). The performances of the validated PLSR models were evaluated by calculating and comparing the coefficient of determination of the validation (R V 2 ) model, (2) standard error of prediction (SEP), number of optimum factors (F), (3) systematic difference between predicted and measured values, and (4) residual prediction deviation (RPD).
The predicted value of the ith observation In the evaluation of the developed models, lower SEC, SEP, and F values were associated with superior models, as were higher R C 2 , R V 2 , and RPD values. Multi-variate data analysis software (Unscrambler v9.2, CAMO co., Oslo, Norway) was used for the pretreatment of the absorbance spectra for the prediction of capsaicinoid content of red pepper powders, PLSR model development, and evaluation of the performance of the developed models.
Results and Discussion
Red pepper powder capsaicinoid content distribution by area Table 2 shows the capsaicinoid contents measured using the HPLC of 149 samples comprised of 129 samples separated by particle size from 43 products produced in 2009 and 20 products produced in 2010. An additional 'gold' mark on the packages indicated red-pepper powders with smaller seed contents and red peppers dried under the sun. The capsaicinoid content of products produced in 2009, which were divided by particle size, were categorized as Case I, II, and III. The capsaicinoid content of products produced in 2010 were not divided by particle size, and were marked with asterisks (*) for distinction. Red pepper powder samples from 11 areas except for the Anmyeondo area, Youngyang RPTC, and Youngyang area were analyzed by HPLC including products produced in 2010. Although products produced in some areas were indicated to have the same pungency levels for both years of production, some products showed significant differences depending on their production year. Upon comparison of the degree of pungency indicated for individual products and the measured capsaicinoid contents, it could be seen that the grades and notation used to identify the degree of pungency were different and there were significant differences between the indicated degree of pungency and the measured capsaicinoid content.
The HPLC analysis of the 149 red pepper powder samples revealed that the capsaicinoid contents ranged from 7.58 mg/100 g to 170.77 mg/100 g. Products with high levels of pungency were considered 'extremely hot' and included a product from the Goesan area with a capsaicinoid content of 95.66-130.59 mg/100 g, a product from the Cheongyang area with a capsaicinoid content of 154.68-166.50 mg/ 100 g, and a product from the Bongyang area with a capsaicinoid content of 143.90-155.58 mg/100 g. These Figure 8 shows the frequencies of distribution of the capsaicinoid contents of the 149 red pepper powder products divided in intervals of 10 mg/100 g on a histogram. One hundred and twenty two samples had capsaicinoid contents below 60 mg/100 g, which corresponded to relatively low pungency levels. These samples accounted for 82% of the samples. There were 32 samples that had capsaicinoid contents of 30-40 mg/100 g and 40-50 mg/ 100 g and only 14 samples contained capsaicinoid contents of 100 mg/100 g or greater, which corresponded to very high levels of pungency. As shown in the histogram, pepper varieties with low capsaicinoid contents were mainly grown in main red pepper production areas throughout the country. It is known that farmers prefer cultivating general red peppers, which are large in size, because the yields of these peppers are larger and thus the resulting incomes are greater. Table 3 shows the performances of the PLSR models in the prediction of the capsaicinoid content of red pepper powder samples produced in 14 areas using the real time red pepper powder pungency measuring system. The performances of the PLSR models upon applying various pretreatment methods were indicated with R C 2 and SEC in the case of calibration models and with R V 2 , SEP, F, and PRD values for comparison. The PLSR models showed different prediction performances according to area due to the spectra pretreatments. Among the pretreatment Table 3 . Performance of PLSR models in predicting capsaicinoid content of red pepper powders produced in 14 domestic areas according to visible and near-infrared spectra pretreatments (Unit: mg/100 g) (Continue) Area X methods that showed the best prediction performances by area, 1 st derivatives were the most frequent with four areas, followed by models developed by applying mean normalization and SNV with three areas each. RPD values, which are an indicator of the prediction performance by area, showed large variations as they ranged from 2.06 to 7.02, based on original spectra without any pretreatment. Figure 9 shows the results of the analysis of 335 VNIR absorbance spectra obtained from 12 samples made from products produced in the Namyoungyang area using the PLSR model for capsaicinoid content prediction developed using pretreatment by 1 st derivatives. The results of the developed PLSR model for calibration were R C 2 = 0.988 and SEC = 1.93 mg/100 g. The results that validated the PLSR model through cross validation were R V 2 = 0.985, SEP = 2.17 mg/100 g, and RPD = 7.94. Among the products produced in Namyoungyang, the capsaicinoid contents were less than 60 mg/100 g. However, the RPD value was 7.94, which was the best among the prediction models for all 14 areas. This result indicated the good field applicability of the real time red pepper powder pungency measuring system. Among the PLSR models for capsaicinoid content prediction developed using 207 VNIR absorbance spectra of 7 products produced in Gochang, the model preprocessed by maximum normalization showed the best prediction performance, as shown in Figure 10 . The results of the developed PLSR model for calibration were R C 2 = 0.975 and SEC = 2.83 mg/100 g. The results that supported the PLSR model through cross validation were R V 2 = 0.972, SEP = 3.04 mg/ 100 g, and RPD=5.93. This result showed the best prediction performance after that of the Namyoungyang area.
Results of capsaicinoid content prediction by area
On the other hand, areas with low prediction performances included Shintaein, Umsung, and Youngyang, which showed RPD values of 2.14, 2.25, and 2.49, respectively. Among the models developed by applying various pretreatments to 8 products made from the Shintaein area, the model preprocessed by 1 st derivatives showed the best prediction performance, as illustrated in Figure 11 (a) and (c). Although the SEC and SEP of the developed model were good at 3.41 mg/100 g and 3.70 mg/100 g, respectively, the number of samples was small and the capsaicinoid content range was narrow at 20.70-44.91 mg/100 g, and R C 2 and R V 2 were not good at 0.814 and 0.784, respectively. In addition, the RPD value was 2.14, which corresponded to the lowest value among all prediction models. In Figure 11 (b) and (d), it is clear that the error increased because some of predicted capsaicinoid contents are widely distributed vertically. In future studies, if samples with a wide range of capsaicinoid contents are obtained and prediction model equations are developed, error ranges will be reduced and the prediction performance will be improved.
Conclusion
A red pepper powder pungency measuring system based on VNIR was used to non-destructively and quickly measure the capsaicinoid content of red pepper powders produced in Korea. The absorbance spectra of 149 red pepper powder samples from 14 areas were obtained; using an effective wavelength band of 450-950 nm, PLSR models were developed to predict the capsaicinoid content in the red pepper powders by area. Various pretreatments were applied in order to improve the performance of the PLSR models and the prediction performances of the developed models were evaluated by comparing their SEC, SEP, and RPD. The capsaicinoid contents of all 149 samples were measured using HPLC and the values ranged from 7.58 mg/100 g to 170.77 mg/100 g. Samples with capsaicinoid contents below 60 mg/100 g accounted for 82% of the samples and only 14 samples contained 100 mg/100 g or greater (very high level of pungency). Among the PLSR models developed using red pepper powder products from 14 areas, the PLSR model developed using 12 red pepper powder samples produced in the Namyoungyang area showed the best prediction performance. Pretreatment with 1 st derivatives was applied to the model. The results of the developed PLSR model for calibration were R C 2 = 0.988 and SEC = 1.93 mg/100 g, and the results of the model that validated the PLSR model for calibration through cross validation were R V 2 = 0.985, SEP = 2.17 mg/100 g, and RPD = 7.94. The PLSR model developed using products from the Shintaein area showed the lowest prediction performance, although the SEC and SEP were good at 3.41 mg/100 g and 3.70 mg/100 g respectively. Since the number of samples was small and the range of capsaicinoid contents was narrow (20.70-44.91 mg/100 g), the R C 2 and R V 2 were not good at 0.814 and 0.784, respectively. In addition, the RPD value was 2.14, and was the lowest value among the capsaicinoid content prediction models developed for all 14 areas. The PLSR models showed differences in performance according to area. The reason for the differences can be attributed to changes in the cultivation environments, such as precipitation and climate. In future, if data groups are constructed by securing diverse red pepper powder samples according to area and adding VNIR absorbance spectra, pungency can be measured and applied online by red pepper powder processing factories quickly and non-destructively.
